Partial, selective activation of nuclear receptors is a central issue in molecular endocrinology but only partly understood. Using LXRs as an example, we show here that purely agonistic ligands can be clearly and quantitatively differentiated from partial agonists by the cofactor interactions they induce. Although a pure agonist induces a conformation that is incompatible with the binding of repressors, partial agonists such as GW3965 induce a state where the interaction not only with coactivators, but also corepressors is clearly enhanced over the unliganded state. The activities of the natural ligand 22(R)-hydroxycholesterol and of a novel quinazolinone ligand, LN6500 can be further differentiated from GW3965 and T0901317 by their weaker induction of coactivator binding. Using biochemical and cell-based assays, we show that the natural ligand of LXR is a comparably weak partial agonist. As predicted, we find that a change in the coactivator to corepressor ratio in the cell will affect NCoR recruiting compounds more dramatically than NCoRdissociating compounds. Our data show how competitive binding of coactivators and corepressors can explain the tissue-specific behavior of partial agonists and open up new routes to a rational design of partial agonists for LXRs.
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Nuclear receptors are a family of transcriptional regulators whose activity can be modulated by their binding to small molecule compounds, such as hormones and metabolites. For many members of the family, this property has allowed their use as drug targets (1) . In most cases, however, full activation or inhibition of the receptor is not desired. Instead, agonists are required that only partially activate the receptor. Partial agonists can display tissue-specific activation or repression of nuclear receptors, as has been shown for the estrogen receptor partial agonist raloxifen (2) . However, little is known about the molecular mechanisms leading to partial versus full agonism.
Another example for nuclear receptors, which, if they are to be used as drug targets, require partial agonists, are the liver X receptors ␣ (LXR␣, 2 NR1H3) and ␤ (LXR␤, NR1H2). They have been shown to play a central role in the transcriptional regulation of lipid and cholesterol homeostasis and inflammation (3) (4) (5) (6) (7) . Activation of LXR-dependent transcription leads to increased expression of cholesterol transporters (8 -11) and has been shown to enhance the efflux of cholesterol from macrophages (10 -12) , reducing the formation of atherosclerotic plaques (13) (14) (15) . This observation has raised hopes that the manipulation of LXR activity would be of therapeutic value in the treatment of lipid disorders and atherosclerosis. However, activation of LXRs by agonistic compounds induces the expression of enzymes involved in the synthesis of fatty acids in liver cells (16 -19) . As a consequence, agonists for LXRs cause liver steatosis and elevated serum triglyceride levels in mice (19, 20) . Thus, to develop LXR ligands as drugs for the treatment of atherosclerosis, partial, selective activators of LXRs are needed that induce cholesterol efflux in macrophages but do not induce fatty acid synthesis in liver.
Among the currently known ligands for LXRs, some compounds, such as the sulfonamide T0901317, appear to have a purely agonistic activity, whereas others, such as GW3965, have been reported to be more selective in their activation of LXR function (19, 21) . Based on structural data, it has been predicted that the cofactor interactions induced by T0901317 and a natural ligand would differ from each other (22) . We present here a detailed study of the mechanisms of LXR activation by synthetic agonists, including a novel chemotype and a natural LXR ligand. We show that partial activation of LXRs can be brought about by inducing a receptor conformation that enhances the affinity for both activating and repressing cofactors at the same time. We show that the net effect of the activated receptor on transcription depends on the prevalence of coactivators and corepressors in the cell and propose a novel classification scheme for partial nuclear receptor agonists.
EXPERIMENTAL PROCEDURES
Yeast Two-hybrid Assays-To measure the ligand-dependent binding of cofactor fragments to LXRs, proteins and protein fragments were expressed in GATEWAY-compatible versions of pGBT9 and pGAD424 in the haploid yeasts CG1945 and Y187 (Clontech), respectively. The following protein fragments were used: DAX1, full-length protein; NCoA3, amino acids 391-748; NCoA3-part, amino acids 622-748; RAP250, amino acids 546-end; NCoR, amino acids 1906 -2313; TRAP220, amino acids 433-803; NCoR, amino acids 2157-2181; FKHRL, amino acids 411-end; PGC1, amino acids 1-676; SRC1, amino acids 381-end; TIF2, amino acids 548 -878. In addition, two fragments from NCoA3 and SMRT were used that had been isolated in yeast two-hybrid screens (23) . Combinations of the various constructs were generated in diploid cells by mating of the respective strains. Diploids were passaged twice in 96-well plates in liquid medium and diluted 1:20 into selective medium containing LXR-ligands before fluorescence was measured as described (23) ) was expressed as a GST fusion from a recombinant baculovirus in SF9 cells. Cells were lysed by sonication, and the fusion proteins purified over glutathioneSepharose (Pharmacia Corp.) according to the manufacturer's instructions. Assays were done in a final volume of 25 l in a 384-well plate in a buffer containing Tris/HCl, pH 6.8, 5 mM MgCl 2 , 400 mM KCl, 0.9 g/l bovine serum albumin, 215 ng of Streptavidin-xlAPC Conjugate PJ25 S (Prozyme), 2 ng of europium-labeled anti-GST antibody AD0064 (PerkinElmer Life Science), roughly 20 ng of the purified receptor and varying concentrations of amino-terminally biotinylated cofactor peptides and low molecular weight ligands for LXR. The mix was equilibrated for 1 h at room temperature and measured in a Victor V (PerkinElmer Life Science) fluorometer using 340 nm as excitation and 615 and 665 nm as emission wavelengths. The origin and sequences of the peptides used are shown in Table 1 . The coactivator peptides were chosen from relevant LXR-coactivators such that they represent a range of affinities for LXR. For corepressors, we selected the higher affinity peptide from the two published nuclear receptor-binding motifs found each on NCoR and SMRT.
RNA Isolation and Analysis of Gene Expression by Real Time Quantitative PCR-Cultures of the monocyte-macrophage cell line THP-1 and the hepatocytes HepG2 were obtained from the American Type Tissue Culture Collection, Rockville, MD and were grown in RPMI 1640 medium supplemented with 10% fetal bovine serum, 10 mM HEPES, 2 mM pyruvate, 50 M ␤-mercaptoethanol (THP-1), and minimal essential medium (Eagle) with 2 mM L-glutamine and Earle's balanced salt solution supplemented with 10% fetal bovine serum, 2 mM glutamine, 0.1 mM non-essential amino acids, 1 mM sodium pyruvate (HepG2) at 37°C in 5% CO 2 . THP-1 cells were differentiated into macrophages by the addition of 100 nM phorbol 12-myristate 13-acetate (Sigma P8139) for 36 -72 h, and phorbol 12-myristate 13-acetate was included in the medium of all subsequent experiments to maintain differentiation. All treatments were done in triplicate, and experiments were repeated at least twice.
THP-1 cells were seeded in 24-well plates at 3 ϫ 10 5 cells/well in RPMI 1640 medium containing 10% fetal calf serum and 100 nM 12-Otetradecanoylphorbol-13-acetate for 24 h. HepG2 cells were seeded in poly-L-Lysine-coated 24-well plates at 1 ϫ 10 6 cells/well in Eagle's minimal essential medium containing 10% fetal calf serum and grown to 60% confluency.
Before treatment with LXR compounds, growth medium was changed to medium containing 10% charcoal/dextran-stripped fetal calf serum for 12 h. Treatment was done for 12 h (THP-1 cells) and 24 h (HepG2 cells), respectively, in medium containing 10% charcoal/dextran-stripped fetal calf serum (and 100 nM phorbol 12-myristate 13-acetate in the case of THP-1 cells). LXR compounds were dissolved in Me 2 SO, with the final solvent concentration not exceeding 0.125%. Total RNA was extracted using the Qiagen Rneasy mini kit and treated with DNase (DNAfree kit, Ambion). RNA was reverse-transcribed with Oligo(dT) primer and real time reverse transcription PCR (TaqMan) was performed using the ABI Prism 7900HT Sequence Detection System and reagents supplied by Applied Biosystems. mRNA steady state levels were normalized to H3 histone (H3F3A) expression levels. The Transient Transfection Assays-All transient transfections were done in HEK293 cells (obtained from DSMZ (German Collection of Microorganisms and Cell Cultures), Braunschweig, Germany) grown in minimum essential medium (Eagle) with 2 mM L-glutamine and Earle's balanced salt solution supplemented with 10% fetal bovine serum, 2 mM glutamine, 0.1 mM non-essential amino acids, 1 mM sodium pyruvate, at 37°C in 5% CO 2 . For transfection, 4 ϫ 10 4 cells were plated per well in 96-well plates in growth medium supplemented with 10% charcoal/ dextran-treated fetal bovine serum (HyClone, South Logan, Utah) and transiently transfected the following day at Ͼ90% confluency by polyethylene-imine-based transfection. Compound stocks were prepared in Me 2 SO, prediluted in medium, and added 4 h after the addition of the 
RESULTS

Natural and Synthetic LXR Ligands Displaying Partial Agonism-We
used HTR-FRET assays to screen for novel LXR-activating compounds in a collection of combinatorial compound libraries. Among the active structures identified was a group of quinazolinone compounds, such as LN6500 (Fig. 1) , that activated LXR␣ and LXR␤ activities in HTR-FRET assays ( Fig. 2) with an EC 50 of 2.5 and 1.4 M, respectively. When compared with the well characterized LXR agonist T0901317, the efficacy of LN6500 in HTR-FRET assays is in the range of 35% for LXR␣ and 80% for LXR␤. These efficacies of LN6500 are comparable to or slightly higher than those of the natural agonist (22R-HC). Similar activities are observed when these compounds are used in cellular reporter assays that have a stably integrated LXR-dependent promoter driving the expression of the luciferase reporter (data not shown).
However, when the same compounds are assayed in a cellular reporter assay that uses the LBD of LXR␣ fused to the GAL4-DNAbinding domain, differences in the efficacies of the compounds become apparent. The natural agonist and the quinazolinone compound only reach efficacies in the range of 2-12% of T0901317. Also GW3965 clearly causes only a partial activation of the receptors, reaching 37 and 62% of the activity of T0901317 for LXR␣ and LXR␤, respectively (Fig.  3) . Thus, it appears that in these assays the three compounds behave as partial agonists, although to different extents. This difference can be detected in several cellular and biochemical assays (see below) but appears to be, for unclear reasons, very pronounced in the mammalian one hybrid assays.
Differential Recruitment of Cofactors Induced by LXR Agonists-Activation of nuclear receptors by small molecule ligands triggers the formation of a binding surface for cofactor proteins on the LBD, termed AF2. In the presence of agonistic ligands, most coactivators bind to the AF2 site of nuclear receptors via a canonical leucine-rich motif (25) (26) (27) (28) . In the absence of ligands, or in the presence of antagonistic ligands, many nuclear receptors, including LXRs, preferentially interact with corepressors via a different leucine-rich motif, which is found on the two nuclear receptor corepressors NCoR and SMRT (29 -32). The switch in binding preference is brought about in part by a 90°turn of helix 12 of the LBD, which opens up a larger groove for the longer corepressor interaction motif (33) . Selective interaction of activated receptors with subsets of cofactors has been put forward as a possible explanation for selective activities of nuclear receptor ligands (34, 35) .
To see whether differential cofactor recruitment correlates with partial agonism for LXR, we used an array of cofactor constructs and tested their ligand-induced interactions with LXRs. Initial experiments were done at single doses using a quantitative yeast two-hybrid assay (data not shown). Of 100 different cofactor constructs tested, 29 were induced to bind to LXR by T0901317 (data not shown). GW3965 induced the binding of the same spectrum of cofactors. A subset of these cofactors was further analyzed for dose-dependent recruitment to the full-length receptors (not shown) and to the LXR LBD by T0901317, GW3965 and LN6500, as displayed in Fig. 4 .
In these experiments, several compound-specific effects can be observed: (i) T0901317 and GW3965 are comparable in their ability to induce the binding of coactivators to LXRs, the only difference being a less efficient recruitment of PGC1 to LXR␣ by GW3965; (ii) LN6500 induces the binding only of a subset of the cofactors recruited by T0901317 and GW3965; and (iii) surprisingly, both GW3965 and LN6500 lead to an increased binding of LXRs not only to coactivators, but also to the corepressor NCoR. In contrast T0901317, causes only a modest binding of corepressors to LXR␣ at intermediate concentrations, and represses NCoR binding at higher concentrations.
The latter observation is surprising because, according to the structural information available, the conformations required for the binding of coactivators do not allow the binding of corepressors and vice versa (33) . Thus, compounds are expected to enhance either the binding of coactivators or of corepressors, but not enhance the binding of both at the same time.
Partial Agonists Induce a Different Conformation than T0901317-To study the effects of the compounds on the receptor in greater detail, we turned to cell-free binding assays. The affinity of a nuclear receptor's LBD for various peptides can be used to differentiate receptor conformations (36 -39) . We therefore measured the binding of varying concentrations of cofactor peptides to the receptors at saturating amounts of ligands. As can be seen in Fig. 5A , the unliganded LXR␣ displays a significant affinity for corepressor peptides (EC 50 for NCoR: 25 nM), whereas it hardly interacts with the coactivator peptides. Inclusion of T0901317 in this assay produced the expected increased affinity of the receptor for coactivator peptides and a repression of corepressors binding, reflecting the well known conformational changes around helix 12 of the LBD. In contrast, GW3965 displayed a drastically different behavior; although the affinity for coactivator peptides was increased as expected, the binding to corepressors also was strongly enhanced compared with the apo-receptor, confirming data from the yeast two-hybrid experiments. Similarly, LN6500 and 22R-HC induced the binding of corepressors, however, these two compounds induced coactivator binding more weakly than T0901317 and GW3965.
Consistent with the yeast two-hybrid data, LXR␤ displays a greater affinity for corepressors in the absence of compounds (Fig. 5B) . When compared with LXR␣, the compounds display a similar rank-order with respect to the degree of coactivator and corepressor binding they induce. However, corepressor affinity is not significantly enhanced over the unliganded receptor by any of the compounds. Judged by the induction of corepressor binding, GW3965 appears to be more agonistic to LXR␤ than to LXR␣, as reflected in the cellular assays shown in Fig. 4 . The differential behavior of receptors in the presence of the four compounds can also be observed in assays in which the compound concentration is varied, as shown in Fig. 6 . Whereas the full agonist T0901317 inhibits NCoR-peptide binding with increasing concentrations, the partial agonists allow or induce the binding to the corepressor. The different effects of GW3965 on LXR␣ and LXR␤ are again clearly discernible; whereas for LXR␣, the binding to NCoR is induced over that of the unliganded receptor, it is inhibited for LXR␤ but to a lesser extent than for T0901317.
We conclude that T0901317 induces a conformation that allows only very weak binding of corepressors and strong binding of coactivators, as expected for a pure agonist. In contrast, GW3965, LN6500, and the natural ligand 22R-HC behave as partial agonists, as they induce a state of the receptor, which is flexible to adapt an agonistic or antagonistic conformation. Interacting cofactor peptides help to stabilize either of the two conformations in an "induced fit"-like mechanism. These observations correlate well with the effects of the compounds in cellular assays and provide an explanation for the partial agonism displayed by GW3965, LN6500, and 22R-HC. We would like to stress that the cofactor peptides used here serve merely as biochemical tools and may not be representative of the behavior of the full-length cofactor proteins.
Sensitivity of LXR Agonists to the Cellular Cofactor EnvironmentGiven the above data, it may be expected that the relative prevalence and availability of coactivators and corepressors in a cell would determine the net effect of a ligand on LXR-dependent transcription. Compounds that induce conformations that allow an interaction with corepressors should be more sensitive to increased amounts of corepressors than compounds that allow only weak corepressor binding. This prediction was tested in transient transfection assays. As shown in Fig. 7 , the effects of partial agonists are indeed more sensitive to increasing amounts of NCoR than those of T0901317. This effect is most pronounced for GW3965-induced LXR␣ activity and weaker for LXR␤, which is in excellent accordance with the cofactor profiles observed in the FRET assays. At least with respect to LXR␤, the effects of LN6500 and 22R-HC are also more sensitive to an increased amount of NCoR in the cell than those of T0901317. These data suggest that the activities of the compounds should respond differently to changes in the cofactor context of cells and are likely to be cell type-dependent.
Therefore, we tested whether the different sensitivity of the activities of the synthetic ligands to corepressor concentrations would be reflected in a cell type-dependent behavior, by measuring the induction of LXR-regulated genes in the liver-derived cell line HepG2 and in differentiated THP-1 macrophage cells. Fig. 8 shows that despite their different affinities for LXRs all three compounds induced the cholesterol efflux pumps ABCA1 and ABCG1 and the LXR␣ gene in THP-1 cells to comparable maximal levels. In HepG2 cells, T0901317 strongly stimulates the expression of all genes tested, including genes involved in lipid synthesis, FAS and SCD, whereas GW3965 induces these genes more weakly, which is most apparent for FAS. LN6500 appears to be barely active in HepG2 cells. Thus, the rank order of partial agonism observed in the cofactor-binding experiments seems to be reflected in the cell type-specific activity of the compounds. The reduced activity of GW3965 in HepG2 cells is in line with studies on the effects of GW3965 and T0901317 on lipid metabolism in animals (21, 40) . In a recent paper, GW3965 was reported to exert similar effects on the expression of ABCA1 in intestine but to failed to significantly induce triglyceride synthesis in the liver (40) . We would like to propose that this selective effect is because of the differential effect of GW3965 on the recruitment of coactivators and corepressors, defining a new route to selectively modulate LXR activity.
DISCUSSION
In the development of drugs directed against nuclear receptors, pure agonism or antagonism are only rarely the goal. In most cases, partial and selective agonists are desired, which activate the receptor in a tissue-specific manner. The prototypic examples for such selective nuclear receptor modulators are tamoxifen and raloxifen, which have been shown to activate the estrogen receptor in a tissue-specific way (reviewed in Ref. 41 ). Responses to raloxifen and tamoxifen are sensitive to the amount of coactivators and corepressors in a cell, such that the balance between agonism and antagonism can be tilted by changes in the expression of coactivators and corepressors (34, 35, 42, 43) . From these and other studies, a well accepted explanation for the tissue-selective behavior of estrogen receptor ligands has been formulated, which argues that the relative availability of corepressors and coactivators in a cell will determine the agonistic or antagonistic behavior of partial agonists (34) . According to the model, a spectrum of conformations can be adopted by the receptor between the two extremes of a purely antagonistic state and a purely agonistic state (reviewed in Ref. 44) . Partial agonists would induce conformations that are to be placed in intermediate positions between the two extremes on a linear scale. Our studies clearly show that a similar explanation should hold true for tissue-specific effects of LXR ligands. Indeed, our data indicate that the conformations displayed by LXR␤ are compatible with such a model.
However, the present study also shows that the spectrum of conformations that LXR␣ can adopt goes beyond a linear scale; GW3965 induces binding of LXR␣ to coactivators comparably to T0901317, but differs dramatically in the effect on corepressor binding. GW3965 and LN6500, on the other hand, have similar effects on corepressor binding, but LN6500 induces coactivator binding much more weakly. Thus, we would like to propose a classification of partial agonists according to their cofactor recruitment properties, as depicted in Fig. 9 . In addition to pure agonists and pure antagonists four principal modes of partial agonism are possible: (i) simultaneous full induction of corepressor as well as coactivator binding; (ii) partial induction of coactivator binding without induction of corepressor binding; (iii) partial induction of both coactivator and repressor binding; and (iv) inhibition of the binding of any cofactor, resulting in derepression as has been seen in LXR-knockout mice (45) .
Because the EC 50 for the binding of cofactors to the receptors can be determined, it provides an objective, quantitative parameter to position a compound regarding this spectrum of receptor conformations. Importantly, the measurement can be done at saturating amounts of ligand and is therefore independent of the potency of the compound. To demonstrate the utility of this classification of partial agonists, we have tentatively mapped the conformational positions of LXR␣ and -␤ based on the measured EC 50 s into that graph. From these graphs, it is clearly apparent that all compounds map to a straight line for LXR␤, being representative of a linear spectrum of conformations. For LXR␣, however, the competitive induction of cofactor binding is evident for GW3965.
Structural data suggest that the nuclear receptor conformations required for coactivator and repressor binding are mutually exclusive (33) . In the crystal structures of GW3965-bound LXR␤ and a binding coactivator peptide, the receptor adopts an agonistic conformation (22, 46, 47) . Crystal structures of LXR␣ in the presence of GW3965 have not been reported, but our data clearly show that GW3965 will enhance the binding to both activators and repressors compared with the unliganded receptor. It has to be assumed that GW3965 stabilizes a conformation in which the receptor is ready for cofactor binding, but helix 12 is flexible to adopt several positions. The presence of a coactivator or corepressor will then stabilize the receptor in an agonistic or antagonistic conformation. This assumption is well in accordance with the fact that T0901317 coordinates helix 12 tightly through direct contacts to histidine 421, which in turn fixes tryptophan 443 in a state that allows coactivators to bind to the receptor. GW3965, on the other hand, does not directly coordinate helix 12 in LXR␤ (46) , which is probably the reason for the higher affinity of the receptor for corepressors as shown here. Our data suggest that the AF2 will be even more flexible for LXR␣ and should be free to adapt its position to both type of cofactors. We would predict that it should be possible to obtain structures of agonistic and antagonistic conformations, depending on the type of cofactor present. Similar effects of partial agonists on peroxisome proliferatoractivated receptor ␣ and -␦ (48) and retinoic acid receptor ␣ (49) have been reported. According to our data, the natural ligand 22R-HC is a partial agonist that does not fully activate the transcriptional potential of LXR. In accordance with our data, mutational analysis (50), and structural data (22) have suggested that the coordination of helix 12 by the natural ligands of LXR is less tightly than by T0901317. This would explain why superactivation of the receptor by more agonistic synthetic ligands is possible, as has been shown (12) . Also, the amplitude of LXR activation by 22R-HC is likely to depend on the relative abundance of coactivators and corepressors in a tissue. This would also allow for tissue-specific tuning of LXR activity by changes in the cellular cofactor environment. 50 in M. Thus, low affinities are placed near the origin of the graph, whereas high affinities are placed at the top and right-most part of the graph. Diagrams represent a theoretical classification of agonists classes (top) as well as diagrams created with the EC 50 data from various cofactor peptides as determined by FRET and presented in this paper. Pure agonists that induce only coactivator binding are found on the top left, whereas pure antagonists are found at the bottom right. Note that for LXR␤, all compounds tested are found roughly on a straight line, suggestive of a linear spectrum of conformations in which the higher the affinity for coactivators, the less it is for corepressors. For LXR␣, GW3965 is found off this linear scale of conformations, because it induces the interaction with both types of cofactors.
Use of LXRs as drug targets has been hampered by the fact that agonists not only prevent the formation of atherosclerotic plaques but also increase serum and liver triglyceride levels. Recently, GW3965 has been shown to have a much milder effect on triglyceride levels in mice than T0901317 (40) , which fits well to the mechanisms of partial agonism we observe here. However, it is clear that the remaining effects are still prohibitive for drug development, and a potential drug will have to be more selective in its effects. Although we have shown that compounds such as LN6500 can be found that display even less agonistic properties than GW3965, it remains to be seen whether these properties can be conserved in derivatives with increased potencies. It is not clear at present whether a highly potent compound can be found that does not coordinate the AF2 tightly and thus freezes the receptor in one of the two extreme states of agonism or antagonism. Also, the type of partial agonism described in this paper may not be the only way to selectively modulate LXR activity, e.g. subtype-specific compounds may allow to dissociate the various effects of LXR activation. Nevertheless, the increased understanding of partial agonism of LXR and the availability of quantitative assays to distinguish different modes of LXR activation paves the way to further explore use of this interesting potential drug target.
